In the current study, a non-heat-treating cold-heading-quality steel bar was fabricated by cold drawing of a rolled bar, and anisotropic mechanical properties of the as-rolled and cold-drawn bars were investigated by quasistatic and dynamic compressive tests of 0 deg (longitudinal)-, 45 deg-, and 90 deg (transverse)-orientation specimens. Under the dynamic compressive loading, the trend of strength variation was similar to that of the quasistatic compressive loading, while the strength level was considerably increased by the strain rate hardening effect. Stressstrain curves of the cold-drawn bar specimens showed the nearly same strain hardening behavior, irrespective of specimen orientation and strain rate, but the yield stress and compressive flow stress increased in the order of the 0 deg-, 90 deg-, and 45 deg-orientation specimens. In the 45 deg-and 90 deg-orientation specimens, the pearlite bands had the stronger resistance to the stress acting on the maximum shear stress plane than in the 0 deg-orientation specimens, thereby resulting in the higher strengths. In some dynamically compressed specimens, pearlite bands were dissolved to form bainitic microstructures. Locations of these bainitic microstructures were well matched with hemispherical-shaped heat-trap zones, which confirmed that bainitic microstructures were formed by the temperature rise occurring during the dynamic compressive loading.
I. INTRODUCTION

COLD-HEADING-QUALITY bars are mainly used
for connecting parts such as bolts, nuts, and threads in many industrial areas such as automobiles, machineries, electronics, and constructions. These bars are mostly classified into heat-treated and non-heat-treating ones, and are fabricated by various processes of drawing, forging, and heat-treatment. Heat-treated bars are generally spheroidized before cold drawing or forging processes. Recently developed non-heat-treating bars are subjected to cold drawing or forging to achieve required mechanical properties without heat treatments, which can give economical merits of fabrication costs and productivity. [1] [2] [3] However, these non-heat-treating bars often show low toughness values in final product forms. In order to solve this problem, the formation of low-temperature transformation microstructures such as bainites or degenerated pearlites by controlling the Mn content and cooling rate is recommended. [1] [2] [3] [4] [5] [6] The grain refinement obtained from hot-or cold-working processes with high reduction ratios is also suggested to improve the toughness. [7] [8] [9] Another problem of non-heat-treating bars is anisotropic mechanical properties which are dependent on the alignment direction of pearlite bands inevitably formed during hot-or cold-working processes. [10] [11] [12] The anisotropy often has an advantage to control the required mechanical properties, but can be a fatal shortcoming of the shear cracking occasionally occurring during the cold heading. It is more sensitive under the dynamic loading than under the quasistatic loading. [12] When the orientation between the pearlite band alignment and loading directions increases from the 0 deg (longitudinal) direction to 90 deg (transverse) direction, the strength and ductility can be varied particularly under the dynamic compressive loadings such as cold heading. [13] [14] [15] In this case, dynamic compressive loads are generally concentrated along maximum shear stress planes, and unidirectionally aligned pearlite bands can work as shear crack-initiation sites for the brittle fracture. [16, 17] Therefore, systematic studies on deformation and cracking mechanisms of cold-heading-quality bars in relation with microstructural modification under the dynamic and quasistatic compressive loading conditions are essentially needed. In addition, effects of the abrupt shear deformation caused by the dynamic compressive loading on anisotropic mechanical properties have been hardly known.
In the current study, a non-heat-treating cold-heading-quality bar was fabricated by cold drawing of a rolled bar, and anisotropic mechanical properties of the as-rolled and cold-drawn bars were examined by quasistatic and dynamic compressive tests of 0 deg (longitudinal)-, 45 deg-, and 90 deg (transverse)-orientation specimens. Dynamic compressive tests were performed at a strain rate of about 2500 or 3500 s À1 using a split Hopkinson's pressure bar, and deformation mechanisms were analyzed by observing dynamically deformed areas. Based on the results, the feasibility of the dynamic compressive test was verified for adopting high-speed cold heading, and mechanisms of anisotropic mechanical properties were investigated.
II. EXPERIMENTAL
The chemical composition of the non-heat-treating cold-heading-quality steel bar used in the current study was 0.25C-0.15Si-2.0Mn-0.08Al-0.004N-Fe (wt pct). The bar contained 2 wt pct of Mn to attain the solid solution's hardening effect and to form some degenerated pearlite. [10] [11] [12] A bloom of 300 9 400 9 6400 mm in size made by continuous casting was homogenized at 1523 K (1250°C) for 5 hours, and was rolled to make billets of 160 9 160 mm in cross-sectional area. The billets were maintained at 1473 K (1200°C) for 3 hours, and were rolled again to make bars of 21 mm in diameter. Some bars were cold drawn into bars of 17.45 mm in diameter (reduction ratio: 30 pct). During the cold-drawing process, the residual stress and strain hardening took place differently in the surface and center regions. [18] Since anisotropic residual stresses were formed in the longitudinal and radial directions, [19] cold-drawn bars were annealed at 473 K (200°C) for 2 hours. After the removal of residual stresses by the annealing, the cold-drawn bars were observed to be work hardened differently in the surface and center regions, [18, 19] but the strain hardening did not affect the anisotropic mechanical properties much.
The as-rolled or cold-drawn bars were sectioned in parallel to the rolling direction, polished, etched in a nital solution, and observed using an optical microscope and a scanning electron microscope (SEM, model: JSM-6330F, JEOL, Japan). Five optical micrographs at least were taken at various magnifications, from which volume fractions of ferrite and pearlite and their band thickness were measured using an image analyzer (model: SigmaScan Pro ver. 4.0, Jandel Scientific Co.). For measuring hardness of individual ferrite and pearlite, the Vickers hardness test was performed under a 50-gf load.
The bars were machined into cylindrical specimens (diameter: 5 mm, height: 5 mm), rolling direction of which (pearlite band orientation) was varied with the compressive loading direction, i.e., 0 deg (longitudinal)-, 45 deg-, or 90 deg (transverse)-orientation, as schematically illustrated in Figure 1 . Room-temperature quasistatic compression tests were conducted on these specimens at a strain rate of 2 9 10 À3 s À1 by a universal testing machine (model: 8801, Instron, Canton, MA, USA) of 100 kN capacity.
A split Hopkinson's pressure bar was used for dynamic compressive tests, [20, 21] and their schematic diagram is presented in Figure 2 . Cylindrical specimens (diameter: 5 mm, height: 5 mm) were prepared to have 0 deg (longitudinal)-, 45 deg-, or 90 deg (transverse)-orientation, as in the case of the quasistatic compressive test (Figure 1 ). The specimen situated between incident and transmitter bars was compressed by a striker bar (diameter: 19 mm) projected at a high speed using an air pressure of 0.1 MPa (impact velocity: 19.1 m/s) or 0.2 MPa (impact velocity: 26.7 m/s), and the strain rate could be controlled by varying the compressive pressure. It is basically assumed that the friction between the incident and the transmitter bars and a specimen in the dynamic compressive test using a split Hopkinson's pressure bar does not exist. [20, 21] In the actual test, the physical friction and frictional heat were minimized by lubricating the areas between bars and specimen using a lubricant. The barreling or surface inhomogeneity, which might take place in the case of the frictional environment, was not found. During the dynamic compression, the incident wave, reflective wave, and transmitted wave all of which were, detected at strain gages, and recorded at an oscilloscope. Among the recorded wave signals, average compressive strain rate expressed as a function of time was measured from the reflected wave, while compressive stress expressed as a function of time was measured from the transmitted wave. Dynamic compressive stress-strain curves were obtained from these two parameters by eliminating the time term. Compressive strain rates that were obtained by the compressive pressures of 0.1 and 0.2 MPa were about 2000 and 3500 s À1 , respectively. Detailed descriptions of the dynamic test are provided in references. [20, 21] After the test, cross-sectional areas of the deformed specimens were examined using an SEM to observe deformation modes. . [22, 23] Since these degenerated pearlites generally have refined grains and fine-sized cementites, their toughness is higher than that of conventional pearlites, although their strength is not varied much. [24, 25] Volume fractions of ferrite and pearlite and their band thickness were measured, and the data are summarized in Table I . Though the volume fractions of ferrite and pearlite are similar in the bars, the band thicknesses of ferrite and pearlite are smaller in the cold-drawn bar than those in the as-rolled bars, which indicates that they are reduced after the drawing.
III. RESULTS
A. Microstructure
B. Quasistatic Compressive Properties
Figures 4(a) and (b) show quasistatic compressive stress-strain curves of the as-rolled and cold-drawn bars. All the compressive specimens are not fractured until they are strained up to 50 pct under a steady strain rate. In the as-rolled bar specimens, compressive stressstrain curves show nearly the same yield strength and strain hardening behavior, irrespective of specimen orientation (Figure 4(a) ). Fracture does not take place until reaching the strain of 50 pct, while keeping the strength to be greater than 700 MPa. Stress-strain curves of the cold-drawn bar specimens show nearly the same strain hardening behavior, but the yield strength increases in the order of the 0 deg-, 90 deg-, and 45 deg-orientation specimens ( Figure 5(b) ). There is no strain hardening in the cold-drawn bar specimens as they were already sufficiently deformed to saturate the dislocation density. [26, 27] 
C. Dynamic Compressive Properties
Dynamic compressive stress-strain curves of the asrolled and cold-drawn bars are shown in Figures 5(a) through (d), and their yield compressive strengths, maximum compressive strengths, and plastic strains, together with reductions in their specimen heights, are summarized in Table II . Compressive stress-strain curves obtained under a strain rate of 3500 s À1 are longer than those obtained under a strain rate of 2000 s
À1
, while their curve shape is hardly changed. Since the strain rate is varied with the velocity of a striker bar and compressive air pressure, the kinetic energy of striker bar increases proportionally with the square of velocity of striker bar. It can be expected that the impact of the striker bar is transferred to the one-dimensional compressive elastic energy, as one-dimensional elastic wave is generated along a long incident bar. [20, 21] The velocity of a striker bar, i.e., impact velocity, is proportional to the strain rate, together with incident impact energy. [21] The current cylindrical compressive specimen is continuously deformed without the fracture to show dynamic compressive stress-strain curves of Figures 5(a) through (d), as the impact energy is absorbed into the specimen.
The as-rolled bar specimens have nearly the same yield strength and the strain hardening behavior, irrespective of specimen orientation and strain rate (Figures 5(a) and (b)). Fracture does not take place until reaching the strain of 33 pct, while keeping the strength over 1600 MPa ( Figure 5(b) ). Since the plastic strain does not have any meaning in the dynamic compressive test, [21] the reduction in specimen height was measured, as a ductility parameter, as shown in Table II . The reduction in specimen height increases with the increasing strain rate, and is reversely proportional to the compressive yield stress, which can be generally accepted by the strength-ductility relation. Stress-strain curves of the cold-drawn bar specimens show nearly the same strain hardening behavior, but the yield stress and compressive flow stress increase in the c) and (d) ). Here, the maximum compressive stress cannot be defined because the compressive flow stress continuously increases without fracture. The cold-drawn bar specimens show the higher yield and maximum compressive stresses than the asrolled bar specimens, while their reduction in specimen height is smaller. The strain hardening rate of the colddrawn bar is smaller than that of the as-rolled bar. Optical micrographs of the cross-sectional areas of the compressively deformed specimens are shown in Figures 6(a) through (l). In the as-rolled bar specimens, pearlite band structures are clearly visible after the test, but their thickness is changed with the specimen orientation. Pearlite bands become thicker in the 0 deg-orientation specimen (Figure 6(a) ), and some of them are disconnected, as ferrites have infiltrated into pearlite bands (marked by arrows in Figures 6(a), (d) , (g), and (j)), whereas they tend to become thinner in the 45 deg-and 90 deg-orientation specimens (Figures 6(b)  and (c) ). This trend of pearlite band thickness becomes more severe when the strain rate increases (Figures 6(d) through (f)). That is, the pearlite band thickness increases more in the 0 deg-orientation specimen, while it decreases more in the 45 deg-orientation and 90 degorientation specimens. In the 45 deg-orientation specimens, the angles between pearlite band and loading direction increase to 51 and 67 deg under strain rates of 2000 and 3500 s À1 , respectively. In the cold-drawn bar specimens, pearlite band shapes are similar to those of the as-rolled bar specimens, but the pearlite band thickness seems to become smaller because pearlite bands were already thinned after the cold drawing (Figures 6(g) through (l) ). The overall thickness trend follows the case of the as-rolled bar specimens. In the 45 deg-orientation specimens, the angles between pearlite band and loading directions increase to 54 and 69 deg under the strain rates of 2000 and 3500 s À1 , respectively, which are larger than those in the case of the as-rolled bar specimens. The thicknesses of ferrite and pearlite bands, together with the size and aspect ratio of ferrite grains inside ferrite bands, were measured, and the results are summarized in Table III . The ferrite grain size decreases as the grains are compressed after the test, and tends to decrease furter with the increasing strain rate. The ferrite aspect ratio decreases in the 0 deg-orientation specimens, because the compressive loading direction is perpendicular to the pearlite band direction, whereas it increases in the 45 deg-orientation and 90 deg-orientation specimens. This trend of ferrite aspect ratio more seriously occurs in the cold-drawn bar specimens.
In some dynamically compressed specimens, pearlite bands are dissolved to form a kind of bainitic microstructure. This microstructure is found in all the 45 degorientation specimens, irrespective of cold drawing or strain rate, and scarcely in the cold-drawn 0 deg-and 90 deg-orientation specimens under a strain rate of 3500 s À1 . Figures 7(a) through (d) show optical and SEM micrographs containing bainitic microstructures. These bainitic microstructures are observed in a relatively narrow and long shape, which indicates that they are transformed from pearlite bands (Figures 7(a) and (b)). They tend to be more readily formed in the 45 degorientation specimens, after the cold drawing, and under a high strain rate. The hardness of the bainitic microstructure is about 380 to 400 VHN, which is higher by about from 30 to 50 VHN range than that of pearlite. High-magnification SEM micrographs of these microstructures are shown in Figures 7(c) and (d) . Parts of lamellar cementites in pearlites are dissolved to form rod-type cementites irregularly distributed in the ferrite matrix. These rod-type cementites are considerably coarsened in comparison with lamellar cementites in pearlites.
The Vickers hardness values of ferrite and pearlite before and after the dynamic compression test were measured, and the data are summarized in Table IV . Before the test, the hardness of pearlite is higher than that of ferrite, and the hardness of the cold-drawn specimens is higher than that of the as-rolled specimens, irrespective of specimen's orientation. In all the specimens, ferrite and pearlite become hardened after the test, and the increased extent of hardness is larger in the as-rolled specimens than that in the cold-drawn specimens because the cold-drawn specimens were already hardened. It is interesting to note that the hardness values of ferrite and pearlite are greater in the 45 degorientation specimens than those in the other orientation specimens, irrespective of cold drawing or strain rate. The increased extent of hardness is larger in pearlite than in ferrite because pearlite contributes more to the strain hardening during the dynamic test. [17, 28] IV. DISCUSSION
A. Dynamic Compressive Deformation Behavior
In the quasistatic and dynamic compressive tests, the difference in compressive properties due to the pearlite band orientation is larger in the cold-drawn bar specimens than in the as-rolled bar specimens (Figures 4 and 5 ; Table II ). These results can be explained by the main deformation mechanisms such as shear deformation during the compressive loading. [29] [30] [31] The shear deformation, in which the deformation preferentially occurs on maximum shear stress planes slanted by about 45 deg from the loading direction, directly affects the compressive deformation. Lee et al. [29, 30] observed the deformation fracture processes during the quasistatic compressive deformation of a tantalum-fiber-reinforced amorphous matrix composite, and found that the fracture occurred on the maximum shear stress plane slanted from the compressive loading direction. Lee et al. [31] also reported from the dynamic tensile test of a SiC-whisker-reinforced aluminum alloy matrix composite that SiC whiskers were cracked by the shear deformation mechanism.
The as-rolled and cold-drawn bar specimens in the current study are composed of a sequential band structure of soft ferrite and a hard pearlite. They can be considered as aforementioned fiber-or whiskerreinforced composites in a macroscopic view, as shown in Figure 1 . Thus, it is supposed that the as-rolled and cold-drawn bar specimens are deformed by the shear deformation mechanism during the quasistatic compressive loading. When the orientation of band structure is varied with the loading direction, the deformation behavior is also changed with the orientation. In the as-rolled bar specimens, the compressive deformation does not vary much with the orientation of band structure because the ferrite and pearlite bands have a sufficient capacity for the compressive deformation (Figure 4(a) ). After the cold drawing, since pearlite bands are heavily strain hardened along the drawing direction, the shear deformation is differently influenced by the orientation of pearlite band. When the orientation of pearlite band is inclined by 45 deg with the compressive loading direction to match with the maximum shear stress plane, the pearlite band has the strong resistance to the stress acting on the maximum shear stress plane, thereby resulting in the high yield strength ( Figure 4(b) ; Table II ). In the 90 deg-orientation specimen, the compressive stress is additionally loaded to the already-strain-hardened pearlite band. Thus, the yield strength is almost the same as that of the 45 degorientation specimen, although the strain hardening hardly occurs after the yielding. In the 0 deg-orientation specimen, on the other hand, the pearlite bands do not effectively resist the shear stress acting on the maximum shear stress plane slanted by 45 deg from the loading direction, and readily follow the shear deformation, which results in the lower yield stress than those of the 45 deg-or 90 deg-orientation specimen. Under the dynamic compressive loading, the trend of strength variation is similar to that of the quasistatic compressive loading, although the strength level is much higher because of the strain rate hardening effect. Odeshi et al. [32] investigated the localized shear deformation and heat-trap zone during the dynamic compressive tests of cylindrical specimens (diameter: 5 mm) of a 4340 steel. The heat-trap zones were formed in a hemispherical shape in the top and bottom regions by localized shear deformation, as shown in Figure 8 (a), and were developed into adiabatic shear bands, along which the fracture proceeds. [32] Figure 8 (b) is a schematic diagram showing hemispherical-shaped heat-trap zones formed in a dynamically compressed specimen. [31] The width of the adiabatic shear band ranges from several micrometers to several tens of micrometers, depending on the materials and loading rate. When the hemisphericalshaped heat-trap zones are overlapped as the compressive deformation sufficiently proceeds, their shape follows in the wake of maximum shear stress planes slanted by 45 deg from the loading direction, as marked by a red dotted line in Figure 8(b) . Thus, the trend of strength measured under the dynamic compressive loading becomes similar to that measured under the quasistatic loading (Figures 5(a) through (d) ; Table II) , although shapes of compressive stress-strain curves are different. Here again in the 45 deg-orientation specimens where pearlite bands are aligned along maximum shear stress planes or heat-trap zones, the yield strength is higher than that of the 0 deg-orientation specimens as pearlite bands strongly resist against the shear stress. The difference in yield strength between the 45 deg-and 0 deg-orientation specimens is larger in the cold-drawn bar specimens than in the as-rolled bar specimens because strain-hardened pearlite bands in the colddrawn bar specimens have the stronger resistance. The 90 deg-orientation specimens also show high yield and maximum strengths, as in the case of the quasistatic loading.
In the dynamic compressive tests of the cold-drawn bar specimens, the yield strength of the 0 deg-orientation specimen is much lower than those of the 45 degand 90 deg-orientation specimens. This is because pearlite colonies are dissolved, while pearlite bands are subjected to the dynamic compressive deformation in parallel to the band direction, which results in the buckling and fracturing of lamellar cementites. Thus, the resistance to shear stress in pearlite bands is weakened, and lowers the yield stress and flow stress. This phenomenon more frequently occurs in the colddrawn bars diameters of which are somewhat small rather than those in the as-received bars diameters of which are sufficiently large (Figures 6(a) through (f) ).
B. Phase Transformation at Heat-Trap Zones
The thermomechanically unstable deformation increases with the increasing shear strain rate, which often leads to the formation of localized band structures. [16] [17] [18] When the deformation is completed in an extremely short period of time under the dynamic loading, the temperature at the interior of the cylindrical [31] The heat-trap zones were formed in a hemispherical shape in the top and bottom regions by localized shear deformation.
specimen rapidly rises. The temperature rise is related to the lack of time for the heat generated by the initiation of plastic deformation, and leads to softening, and subsequently to localized plastic deformation. It further accelerates the localized shear deformation at the interior, which raises the temperature again. If this thermomechanically unstable process occurs repeatedly at a locally deformed area, then the temperature rises very high up to or greater than the austenite region or recrystallization temperature. [33] Hartley et al. [34] measured the temperature of a thin tubular specimen during the dynamic torsional test of an AISI 1020 hot-rolled steel using a torsional Kolsky bar. The temperature was raised up to 723 K (450°C) at least, while an adiabatic shear band was formed in the specimen center. In the case of the current dynamic compressive test, the impact energy of a split Hopkinson's bar is much higher than the torque energy of a torsional Kolsky bar, and the cylindrical specimen is much larger (diameter: 5 mm) than the thin tubular specimen (thickness: 0.25 mm), which might lead to the larger temperature rise in the specimen interior. As aforementioned in Section IV-A, the hemisphericalshaped heat-trap zones are formed during the dynamic compressive test of cylindrical specimens (Figures 8(a) and (b)). Along these heat-trap zones, bainitic microstructures are found in all 45 deg-orientation specimens and a few cold-drawn 0 deg-and 90 deg-orientation specimens compressed under a strain rate of 3500 s À1 (Figures 7(a) through (d) ). The reason why the 45 degorientation specimens readily contain the bainitic microstructures is attributed to the difficulty in deformation and the consequent high-temperature rise. When hard pearlite bands are aligned in parallel with the maximum shear stress planes, the higher stress is needed to be deformed. Locations of bainitic microstructures are marked by various symbols as shown in Figure 9 . It is interesting to note that the locations are well matched with the hemispherical-shaped heat-trap zones (marked by gray dotted lines), which is roughly coincident with maximum shear stress planes. This result confirms that bainitic microstructures are formed by the temperature rise in the dynamically deformed cylindrical specimens.
A representative deformation mechanism is the formation of adiabatic shear bands. [16] [17] [18] However, adiabatic shear bands are not observed in the current dynamically compressed specimens. Instead of adiabatic shear bands, the phase transformation to bainitic microstructures occurs along the heat-trap zones, as parts of pearlite bands are transformed to austenite and then cooled. Transformation temperatures of phases, i.e., Ar 3 , Ar 1 , and B s (bainite start temperature), and M s (martensite start temperature), can be estimated by the following empirical equations [35] [36] [37] : 
The Ar 3 , Ar 1 , and B s , and M s temperatures calculated by substituting chemical compositions of the current cold-heading-quality steel bars are 1090 K, 979 K, 856 K, and 647 K (817°C, 706°C, 583°C, and 374°C), respectively. Thus, it can be theoretically estimated that the temperature rise for the phase transformation during the dynamic compressive test is higher than tat for the Ar 3 [1090 K (817°C)]. However, in the pearlite region containing higher carbon content than that in the ferrite region, the phase transformation can occur even at less than 1090 K (817°C) because the Ar 3 decreases with the increasing C content as shown in Eq. [1] . [38] [39] [40] [41] In fact, the phase transformation to bainitic microstructures is more frequently found in the pearlite region than in the ferrite region (Figures 7(a) and (b) ).
When the austenite is cooled, it is transformed to form ferrite-pearlite, bainite, or martensite, depending on the cooling rates. The heat-trap zones, temperature of which is raised up to the austenite region, are surrounded by other areas temperature of which is nearly the room temperature, and thus they can be cooled at a considerably faster rate. The cooling rate might be slower than that of martensite formation because most of heat-trap zones are located at the interior region of the cylindrical specimen (Figure 9) , instead of at the surface region. As a result, heat-trap zones are mostly composed of bainitic microstructures, in which relatively coarser cementites are distributed in the irregular-shaped ferrite matrix, as shown in Figures 7(c) and (d) . Since bainitic microstructures are heavily deformed within thinner heat-trap zones, they are harder than pearlite bands (about 380 to 400 VHN). This phase transformation behavior that occurred in heat-trap zones is desirable for absorbing dynamic compressive energy as a form of deformation energy. In addition, the resistance to fracture is hardly reduced because adiabatic shear bands, which play a role in initiating the partial or total fracture, are not formed in the current dynamically compressed specimens. Therefore, the formation of hard bainitic microstructure beneficially affects the improvement of strength, while keeping advantages of tough cold-heading-quality bars.
These results can be adopted to improve the highspeed manufacturing processes such as cold heading of non-heat-treating cold-heading-quality bars which often experience cracks during the cold heading. [3] [4] [5] When the orientation of pearlite band is inclined by 45 or 90 deg from the compressive loading direction, the pearlite bands have the strong resistance to the stress acting on the maximum shear stress plane and the consequent strong resistance to the shear cracking occasionally occurring during the cold heading. By carefully considering the orientation of pearlite band and the heavily stressed direction, the shear cracking can, thus, be prevented or minimized. Since only the as-rolled and cold-drawn cold-heading-quality bars are compared in the current study, microstructures of steel bars fabricated under various chemical compositions, heat-treatments, and cold drawing conditions are to be analyzed, and more fundamental correlation study between microstructures and deformation mechanisms is needed to be investigated in the future.
V. CONCLUSIONS
In the current study, anisotropic mechanical properties of the as-rolled and cold-drawn non-heat-treating cold-heading-quality bars were examined by quasistatic and dynamic compressive tests of 0 deg (longitudinal)-, 45 deg-, and 90 deg (transverse)-orientation specimens.
1. The as-rolled and cold-drawn bar specimens were composed of a sequential band structure of soft ferrite and hard pearlite. Under the dynamic compressive loading, the trend of strength variation was similar to that of the quasistatic compressive loading, while the strength level was considerably increased by the strain rate hardening effect. Stressstrain curves of the cold-drawn bar specimens showed the nearly same strain hardening behavior, irrespective of specimen orientation and strain rate. 2. In the 0 deg-orientation specimen, pearlite bands did not effectively resist to the shear stress acting on the maximum shear stress plane, and readily allowed the shear deformation, which resulted in the lower yield stress than those of the 45 deg-and 90 deg-orientation specimens. In the 45 deg-and 0 deg-orientation specimens, pearlite bands had the strong resistance to the stress acting on the maximum shear stress plane and the consequent strong resistance to the shear cracking occasionally occurring during the cold heading. Thus, the shear cracking could be prevented or minimized by carefully considering the pearlite band orientation and heavily stressed direction. 3. In some dynamically compressed specimens, pearlite bands were dissolved to form bainitic microstructures. These microstructures were found in all the 45 deg-orientation specimens, irrespective of cold drawing or strain rate, and scarcely in the colddrawn 0 deg-and 90 deg-orientation specimens. Locations of bainitic microstructures were well matched with hemispherical-shaped heat-trap zones, which were roughly coincided with maximum shear stress planes. These findings confirmed that bainitic microstructures were formed by the temperature rise occurring during the dynamic compressive loading.
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